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Introduction and theoretical background
In the growing research field of Biomedical Photonics, the knowledge of the refractive index (RI) of biological tissues and fluids is highly necessary to understand and describe how light propagates and interacts with tissue components [1] . There are several diagnosis and treatment applications nowadays that use optical methods [2] [3] . These techniques work at different wavelengths within the optical spectral range [2] [3] . The RI is an optical property that depends on the light wavelength and it is characteristic for individual biological materials. Moreover, the RI can be different for healthy and pathological states of the same tissues and may serve as a means for cancer diagnosis, as recently published [4] . Surprisingly, the availability of the RI of biological tissues at different wavelengths is still scarce in literature. There are some methods to measure the RI of biological tissues, but in general, this measurement is made from ex vivo tissue samples. One method consists in using an optical fiber where the tissue serves itself as the fiber cladding [5] . This method allows the calculation of the RI of tissues by considering the total internal reflection of light inside a quartz optical fiber. The authors of reference [5] have measured the RI of various mammalian animal and human tissues. Another method is simply designated by the total internal reflection method, which was proposed in 1996 by Li and Xie to measure the RI of biological tissues [6] . It has been widely used since then and several publications explain how this method works and present results for various wavelengths and tissues. Such method is implemented by placing the biological tissue in contact with the base of a glass prism and illuminating the set with a laser with a particular wavelength through another prism surface. By using polarized laser light as the illuminating beam of the prism/tissue setup at different angles, the amount of reflected light is measured. By knowing the RI of the prism at the laser wavelength, the RI of the tissue can be calculated by identifying the critical angle at the prism/tissue interface [1, 4, [7] [8] [9] [10] . This method is very simple and it can be used to measure the RI of biological tissues at different wavelengths, provided that lasers at those wavelengths are available. More recently, imaging methods like confocal microscopy [11] , spatial light interference microscopy (SLIM) [12] or optical coherence tomography (OCT) [13] [14] have also been proposed to measure the RI of biological tissues.
With such variety of methods to measure the RI of biological tissues, it is now possible to evaluate such parameter for the various biological tissue specimens at different wavelengths. Since the RI is unique for biological tissues and can be used to discriminate between pathological and healthy tissue, we decided to study this optical property at different wavelengths for human colorectal mucosa samples. Our objective was to estimate the dispersion curves of human colorectal mucosa and discriminate between healthy and pathological tissues.
Colorectal carcinoma is the third most common cancer and the fourth cause of cancer-related mortality worldwide. Approximately 1.2 million new cases are diagnosed each year worldwide and 50% of diagnosed patients will die from the disease [15] .
Current technology implies colon endoscopy [16] to establish a reliable diagnosis and colectomy constitutes the basis of surgical treatment, eventually complemented with chemotherapy and/or radiotherapy [17] . Non-invasive optical methods are desired to turn diagnosis/treatment procedures easier and less aggressive to the patient.
Colon and rectum are tube-like structures composed of several layers from the inside to the outside, as represented in figure 1: Fig. 1 Structure of the colorectal wall containing histologically distinct layers -from the inside (lumina) outwards: mucosa, submucosa and muscularis propria.
Adenomatous polyps, which are precursor lesions of colorectal carcinoma, originally develop in the innermost colon layer -the mucosa [18] . If polyps are not removed at this early stage, they evolve into adenocarcinoma which intrudes the other layers that compose the colorectal wall, first in the submucosa and eventually reaching the muscularis propria, the subserosal tissue or even the peritoneal lining or adjacent organs [19] . Since the polyps start developing in the mucosa, endoscopic instrumentation can be inserted into the colorectal lúmen to detect them [16] like the one displayed in figure 2: 040307-4 The polyp in figure 2 shows a more intense red color than the surrounding tissue. Such difference in color is sugestive that it might have higher blood content than its neighbour mucosa tissues. The internal composition of colorectal mucosa and polyps is certainly different and consequently the RI for these tissues will also present different values.
Early this year, a research group has demonstrated that colorectal mucosa and dysplastic colorectal tissues present different RI values at 964 nm [4] . Since the RI is an optical property that can be measured directly, the discrimination of this parameter between healthy and pathological mucosa at different wavelengths should bring information that can be used for diagnostic and treatment purposes. Considering that optical diagnostic and treatment procedures can operate at different wavelengths, we have studied the RI of colorectal healthy and pathological mucosa samples for visible and near-infrared (NIR) wavelength ranges. This study has produced results that show similar wavelength dependencies for the RI profiles of healthy and pathological mucosa of the human colon. The correspondent dispersion curves were also estimated. The obtained RI values for pathological tissues are higher than the ones obtained for healthy mucosa and evidence of lipid content in both types of tissues was identified.
Materials and methods
With the objective of measuring the RI of healthy and pathological colorectal mucosa at different wavelengths, we have adopted the total internal reflection method [6] . The preparation of samples and the detailed methodology that was adopted is presented in the following subsections.
Tissue samples
Human colorectal mucosa samples were surgically collected from a population of 5 patients within a 3 month period. These patients were 3 men and 2 women with ages ranging from 52 to 82. The collected colorectal tissues had large dimensions for our research purposes and contained healthy and pathological areas that could be fragmented into smaller samples to use in our measurements.
A total of 21 healthy and 21 pathological mucosa samples were prepared to be used in our studies.
Healthy and pathological samples were separated and preserved frozen at −80ºC for a period of 12 -24 hrs prior to the beginning of measurements. A thin slice was made on the top surface of samples to turn them flat so they could be used in measurements with prism. A cryostat (Thermo Scientific TM , model Microm HM 550) was used to make this slice and also to prepare thin samples with 0.4 mm thickness to use in measurements with Abbe refractometer (λ=589.6 nm). Before studies, samples were kept in saline for 10 min to mimic natural hydration.
Measurement procedure
The RI measuring setup adopted in this study was the internal reflection method with a dispersion prism as described in literature [7; 20-21] . Such experimental setup is represented in figure 3: Fig. 3 Internal reflection setup.
Measurements from both types of tissue samples were made by this setup using lasers with wavelengths of 401.4, 532.5, 668.1, 782.1, 820.8 and 850.7 nm. All lasers are laser diodes from Edmund Optics, with the exception for the 668.1 nm, which is from Melles Griot. The measuring prism is a SCHOTT N-SF11 prism and it was also supplied by Edmund Optics. The RIwavelength dependence for this prism is described by the Sellmeier equation [22] , Eq. (1), and is represented in figure 4. Three sets of measurements were performed with each laser from individual healthy and other three from individual pathological samples to average results. The sequential steps in each individual study were the following:
1. The sample tissue was placed in perfect contact with the base of the prism (see figure 3) ;
2. An incident laser beam was used to illuminate the setup through a lateral side of the prism;
3. The reflected beam was detected by a photocell connected to a voltmeter to measure the potential difference;
4. This procedure was repeated for several angles of incidence (α) of the beam at the air/prism interface relative to interface normal; 5. Considering Snell-Descartes equation, the incidence angle at the air/prism interface (α) is related to the incidence angle at the prism/tissue interface (θ) according to:
where  is the prism internal angle (60º for our prism) and n1 is the RI of the prism at the wavelength of the laser in use. 6. Reflectance at the prism/tissue interface was calculated for each angle as:
where V(θ) is the potential measured at angle θ, Vnoise is the background potential and Vlaser is the potential measured directly from the laser. 7. A representation of the reflectance at the prism/tissue interface (R(θ)) as a function of the incident angle (θ) was created, showing an increase from a lower to a top value as a function of the incidence angle;
8. The first derivative of the previous curve was calculated, showing that a strong peak is observed at a particular incidence angle. This angle is the critical angle (θc) of reflection for a particular laser between the prism and the tissue sample; 9. Once θc was determined for a particular laser, it is used to calculate the correspondent RI of the tissue (nt(λ)) at that particular wavelength (λ):
In eq. (4), n1(λ) represents the RI of the prism at that particular wavelength. Such procedure was made using all lasers mentioned above.
In addition to these measurements, the RI of healthy and pathological mucosa were also measured with the Abbe refractometer (λ=589.6 nm). Three samples of each tissue type (healthy and pathological) were used in these measurements. Since biological tissues are in general turbid, we have prepared these samples with 0.4 mm thickness and used a He-Ne laser to improve contrast when reading the RI from the Abbe refractometer.
After obtaining the RI values of healthy and pathological mucosa for all wavelengths considered in our study, we estimated the dispersion curves for both types of colorectal mucosa tissues. Interpretation of results and discrimination between data for healthy and pathological mucosa was made.
Results and discussion
As described in the previous subsection, we have performed several sets of measurements from the two types of tissues. For each set of measurements made with a particular laser, the reflectance curve at the prism/tissue interface was calculated. Considering the laser with λ=850.7 nm, figure 5 presents the individual reflectance curves obtained for both types of tissues:
Similar graphs to the ones presented in figure 5 were calculated for the measurements with the other lasers. All graphs in figure 5 show that reflectance increases with the incident angle for both types of tissue, but for the case of pathological mucosa such increase is faster for angles around 50º. The following step consisted on calculating the first derivative of the reflectance curves. To perform this calculation, we have used MATLAB TM . The first derivative is also a function of the incident angle and it was calculated according to equation 5:
where Figure 6 presents the results of these calculations for the datasets presented in figure 5 . 040307-6 The graphs in figure 6 consider the incident angle at the air/prism interface. Using MATLAB's CFTOOL, each dataset like the ones presented in figure 6 was fitted with a smooth spline curve to estimate the critical angle with precision. The critical angles of reflectance (αc) correspond to the inverted peaks in previous graphs. A value for the critical angle αc, was obtained for each curve that corresponds to an individual measurement. After obtaining the critical angles for each case, Eq. (2) was used to calculate the correspondent critical angles at the prism/tissue interface, θc. Using the individual values of θc in Eq. (4) we calculated the RI values for both tissue samples at the various laser wavelengths. Since we performed three studies with each laser, three RI values were obtained for each type of mucosa tissues at every particular laser wavelength. Using these RI values obtained from measurements with same laser, we calculated the mean and SD values at that particular wavelength for healthy and pathological mucosa.
Similarly, mean and SD values were also calculated for the RI of both samples at the wavelength of the Abbe refractometer. All the experimental resulting RI values are presented in table 1.
The experimental data for healthy mucosa in table 1 is presented in figure 7 along with the calculated dispersion curve indicated in literature [4] . 
This equation was estimated based on experimental data from 450 to 1550 nm [4] . To perform calculations with Eq. (6), wavelengths must be considered in μm. As we could see from previous figure, for wavelengths between 500 and 800 nm, our experimental results are a little higher than the theoretical curve calculated by the authors of Ref. 4 . Wavelength dependence for our experimental RI data is similar to the curve described by Eq. (6) mid-wavelength range. For shorter and longer wavelengths, our experimental results are significantly different from the dispersion curve described by Eq. (6). For ultraviolet wavelengths, our data seems to have more consistent wavelength decay as described in literature [21, 23] . Such difference is visible, since we have used a laser with 401.4 nm in our measurements. For longer wavelengths, the difference between our results and the curve described by Eq. (6) is very significant and provides major information. First of all, the authors of Ref. 4 have not obtained measurements between 750 and 950 nm. For this reason, their curve (Eq. (6)), shows very smooth decay in this range. In our case, we see an increase in the RI of mucosa, meaning that some tissue component is responsible for this increase. Searching for an explanation to this anomalous behavior, we have found that lipids contain absorption bands in this spectral range. Figure 8 contains the absorption coefficient spectra for water, hemoglobin and lipids (most common tissue components), as retrieved from the website of the Oregon Medical Laser
Center [24] . Figure 8 is represented in logarithmic scale to contain all data. According to figure 8, hemoglobin presents a peak at 414 nm and two others at 542 and 576 nm [25] . For water we see a peak at 750 nm and another at 975 nm [26] . Lipids, on the other hand have three absorption peaks -one at 762 nm, another at 830 nm and another at 930 nm [27] [28] . When absorption is strong, having similar values to scattering, it is expected to observe an increase in the RI of the sample. From data in figure 8 , both water and lipids in our mucosa samples may contribute to the RI increase that we have observed. The water peak at 750 nm and lipids peak at 762 nm may also produce a RI increase, but we have not performed measurements within this range of wavelengths. On the other hand, we have measured at 820.8 and at 850.7 nm. At these wavelengths we can see the effect of the second absorption peak of lipids in figure 8 . Due to the presence of this peak in this range, absorption and scattering might have a similar value, which originates an increase in mucosa RI. 040307-8
Considering our experimental RI data for the lowest wavelengths only (below 820.8 nm), we can also estimate a fitting curve for our experimental data. According to literature, there are three equations that are commonly used to fit the RI of biological tissues -the Cauchy equation (equation 6), the Cornu equation (equation 7) and the Conrady equation (equation 8) [21, 23] :
Using MATLAB's CFTOOL, we have tried to fit our RI data with these equations. Considering RI data for healthy mucosa, we have obtained best results when fitting with Cornu and Conrady equations (Eqs. (8) and (9)). The fitting with Cauchy equation was poor, giving an R-square value of 0.356. On the other hand, when using Cornu's or Conrady's equations, we have obtained R-square values of 0.999 in both fittings. Since fitting quality is the same for the two equations, we have selected Cornu's equation to fit our data. Figure 9 shows our experimental data and the calculated fitting curve: Fig. 9 Healthy mucosa -experimental data and fit curve.
As can be seen from figure 9, when calculating the fitting curve for the RI of healthy mucosa, we have neglected the experimental points at 820.8 and 850.7 nm.
The numerical parameters in the Cornu equation (Eq. (8)) that we have for this fitting are the ones in Eq. 
Performing a similar fitting to the RI data for the pathological mucosa, we have also obtained best fitting with Cornu and Conrady equations (Eqs. (7) and (8) 
As we have demonstrated, the best fittings for the decreasing behavior of RI with wavelength for healthy and pathological mucosa are obtained using Cornu's and Conrady's equations. Since both equations provide R-square values of 0.999, we have selected Cornu's equation to fit our experimental data.
From this analysis, we see that healthy and pathological mucosa show the same type of behavior for the RI as a function of wavelength. We have also seen that selecting the appropriate laser wavelengths it is possible to use the total internal reflection method to identify the presence of certain tissue components. In our case, by measuring at 820.8 and 850.7 nm, we could identify the presence of lipids in both types of tissues. Considering figure 8, it is possible that the other lipid peaks (762 and 930 nm) can be detected, provided that we perform measurements at those wavelengths in future. Regarding longer wavelengths and considering the data presented in Ref. 4 , we assume that the decaying behavior of the RI of healthy and pathological mucosa is maintained.
Conclusions and future perspectives
Using the total internal reflection method, we have measured the RI values from healthy and pathological mucosa tissues at different wavelengths between the ultraviolet and near-infrared. Using the experimental data, we could estimate the dispersion curves for the 040307-9 two types of tissues. Considering the visible wavelength range, our experimental data is much approximated to data presented in literature [4] . Since the lowest laser wavelength we used in our measurements was 401.4 nm, we have verified that both Cornu and Conrady equations are the best to fit the decaying RI behavior with wavelength that is described in literature for biological tissues [21, 23] . Cauchy's equation allows for good RI fittings for wavelengths above 450 nm, as demonstrated by authors of Ref. 4 , but as we have observed it provides poor fitting for smaller wavelengths.
We have obtained the same decaying behaviur for the RI of both colorectal tissues, but pathological mucosa presents higher RI values than healthy mucosa in the entire range of wavelengths. Such difference is significantly important for establishing diagnosis/treatment procedures that use optical technologies. By measuring at 820.8 and 850.7 nm, we were able to identify the presence of lipids in both tissues through the non-monotonic behavior observed. Lipids have strong absorption bands in this range of spectra as presented in figure 8 and the similar levels of scattering and absorption coefficients originate an increase in the RI. In the near future we intend to perform similar measurements for other wavelengths, expecting to identify other tissue components. We will also perform similar measurements for other biological tissues to obtain their dispersion curves. Such data is of high importance for the improvement and development of current and future technologies to use in clinical practice.
Another way to discriminate between healthy and pathological tissue is to estimate their optical properties. To obtain these optical properties, we need to perform inverse simulations, using the RI and other optical measurements. We plan to perform also this study in the near future for colorectal mucosa tissues.
